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INTRODUCTION 
Detection of subsurface cracks around fasteners and hidden corrosion in multi-layer 
alumirrum structure is a critical requirement for aging aircraft inspection. Of particular 
concem is the Navy P-3 aircraft which is currently undergoing refurbishment In this aircraft, 
multi-layer structure with thicknesses up to 0.3 inch must be inspected nondestructively to 
identify areas in need of repair. In order to meet productivity requirements, eddy current 
testing (ECT) using the McDonnell Douglas MAUS III systemwill be performed. 
High sensitivity to subsurface cracks around fasteners was previously shown to be 
achievable using a special ECT probe which was centered over each fastener and scanned 
circumferentially [1,2]. While this approach provided high sensitivity, the inspection was 
relatively slow because of the need to center the probe over each fastener. Also, flaws 
located in other areas away from the fasteners could not be detected. The MAUS utilizes 
raster scans with adjacent, linear scans of the probe and, therefore, provides a relatively fast 
inspection; however, probes are needed which provide high sensitivity to both cracks and 
corrosion with this scan mode. Therefore, orthogonal-axis probe configurations were 
selected based on their inherent insensitivity to Iiftoff variations (which are a noise source 
with conventional probes) and their sensitivity to subsurface flaws [3-5]. 
This paper describes the development of prototype MAUS-compatible, orthogonal-
axis eddy current probes for inspection of P-3 structure. Comparisons with conventional 
absolute probes, which are typically used with the MAUS, are included. 
PROBEDEVELOPMENT 
The orthogonal-axis configuration consists of two coils: one functioning as an exciter 
to induce eddy currents in the test-specimen, and the second as a sensor to detect changes in 
the eddy current pattem caused by flaws. This coil arrangement, with axes orthogonal to 
each other, results in minimum electromagnetic coupling between the two coils because the 
magnetic flux from the exciter does not link the sensor. A significant advantage of this 
arrangement over conventional, single-coil probes is reduction in sensitivity to probe Iiftoff 
variations. 
The one implementation of the orthogonal-axis probe is the electric current 
perturbation (ECP) configuration, as shown in Figure l(a). With this configuration, the axis 
of the exciter coil is perpendicular to the test surface. The sensor ( either a single coil or a pair 
of differential coils) is oriented with its axis parallel to the test surface, but perpendicular to 
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the axis of the exciter. The ECP approach allows freedom in designing the exciter and sensor 
independently to maxirnize the capability of each one. 
A second implementation of the orthogonal-axis probe is the cross-axis 
configuration, as shown in Figure 1(b). With this configuration, the axes ofthe coils are 
parallel to the test surface but orthogonal to each other. The coils are typically surrounded by 
a shield to improve sensitivity and spatial resolution. The sensing coil is placed directly 
above the area of greatest concentration of current in the test material. A coil of this type has 
been shown theoretically to provide greater penetration into the surface than a coil oriented 
conventionally, i.e., with the axis normal to the test surface. Because ofthis greater 
penetration, the sensitivity to deeper defects is improved. 
Disadvantages of the orthogonal-axis probe designs are that the signals have more 
structure than with a conventional probe, and thus the pattems in a C-scan image are more 
complicated. Also, the probes are directional and thus are not sensitive to cracks in all 
directions unless special configurations with multiple sensors are used, or two inspection 
passes are made with probes in two different orientations. 
Initial experiments showed that the ECP probe configuration was sensitive to material 
loss (corrosion) and cracksaraund fasteners. One difficulty, however, was that the crack 
sensitivity and response pattem depended on whether the exciter coil or sensor coil 
approached the fastener frrst; this was caused by the different current density in the fastener 
region resulting with the different probe orientations. The cross-axis configuration was 
sensitive to cracks around fasteners, but not to material lass. Because of the difficulty with 
the variable crack sensitivity of the ECP probe, the ECP probe design was chosen only for 
materiallass detection, and the cross axis design was chosen for crack detection. Probe 
design was guided by a volume integral model which predicted responses from fastener 
holes and flaws. 
EXPE~NTALSETUP 
Probe evaluations to deterrnine the capability for detection of materiallass were 
performed on the multi-layer specimen shown in Figure 2. This specimen consisted of 
multiple layers of0.05-inch thick alurninum alloy ranging from a single layer up to 6layers 
(0.3 inchtotal thickness). Materiallass due to corrosion was simulated by flat-bottom holes 
in the back side of the bottarn layer; the hole diarneters ranged from 0.5 to 1.0 inch, with 
depths ranging from 1. 7 to 15 percent of the total specimen thicknesses. The edges of the 
hole bottoms were rounded to elirninate a sharp "comer" which could result in an excessively 
!arge signal from a sharp change in current direction. 
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Figure 1. Orthogonal-axis probe configurations. A. ECP arrangement for corrosion 
detection, B. Cross-axis arrangement for crack detection. 
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Figure 2. Aluminum corrosion specimen. Corrosion simulated by flat-bottom holes with 
rounded edges in bottom layer . 
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Figure 3. Aluminum crack specimen. 
The specimen used for initial evaluations to determine crack response is shown in 
Figure 3. This specimen consisted of two 0.125-inch thick layers with 0.25-inch diameter 
titanium fasteners. One hole contained a 0.25-inch radiallength notch in the second layer to 
simulate a crack. 
Experimental data were obtained using a Zetec MIZ-40 eddy current instrument and 
laboratory scanner. The data were digitized and the signal component perpendicular to the 
Iiftoff response in the complex plane was displayed as color C-scan images. Some signal 
definition is lost in the figures presented in this paper because of conversion of the color 
images to gray scale. 
Two ECP probes were tested for material loss detection. The exciter coil for 
probe 1 was wound on a 1-inch square feerite core, and the sensor was wound on a 0.125-
inch diameter core. Probe 2 had a 0.7-inch inside diameter air-core exciter and a sensor 
wound on a 0.125-inch diameter ferrite core. An air-core exciter was used so that 
evaluations could be made with the sensor both inside and outside the exciter coil. The 
tests reported here are for the case with the sensor outside. 
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In addition to the ECP probes, tests were also performed with a conventional, 
MAUS-compatible absolute probe (Zetec model 03505-1-B) for comparison purposes. 
The cross axis probe used for crack detection was wound on a 0.25 inch diameter 
ferrite core. The cross axis configuration provides a wide spatial response so a smaller 
exciter diameter core was chosen compared to the ECP probe. The cross-axis probe was 
also configured with a shield to lirnit the spatial extent of the sensing area. 
EXPERIMENT AL RESULTS 
Experimental results from a raster scan of the materialloss specimen with total 
thicknesses ranging from 0.05 to 0.15 inch thick (1 to 3layers respectively) are shown in 
Figure 4 for ECP probe 1. These data were obtained with an excitation frequency of 1 
kHz which was found to provide the best results for these layer thicknesses. Signal offsets 
caused by the changes in thickness were removed by subtracting the DC level from each 
scan line. The two fasteners produce very distinct signals as would be expected. Note that 
a 4-lobe pattern is obtained; this is a characteristic response of the ECP probe. The same 
pattern is obtained from the material-loss flaws, although some of the lobes are weaker and 
do not show up in the image. 
All of the flaws are detected for the 0.05- and 0.1-inch thick regions. In the 0.15-
inch thick region, the 5-percent flaws are detected, but the 1.7-percent flaw is not. Note 
that a 0.01-inch thick plastic shim was fastened to the specimen surface to generate a 
change in probe liftoff as it was scanned over this region. The response is shown at the top 
of Figure 4. Essentially no signal is obtained from this liftoff change, indicating 
insensitivity to liftoff variations. 
The ECP probe data in Figure 4 can be compared to that from a conventional 
absolute probe as shown in Figure 5. Here, the same DC removal process was used as 
described above. The excitation frequency was 2 kHz which was deterrnined to provide 
the best results for this probe. With this probe, all of the flaws in the 0.05- and 0.10-inch 
thick regions were detected; however, none of the flaws in the 0.15-inch thick region were 
detected. (Note that the ECP probe detected the 5-percent flaws in this region.) A large 
response is obtained to the 0.01-inch liftoff region compared to the almost nonexistent 
liftoff response with the ECP probe. Also, with the absolute probe, there is a large liftoff 
response around the fasteuer on the right; this is believed to be from a depression in the 
skin surface around the fastener. The ECP probe was not sensitive to this liftoff change. 
Data taken with the ECP probe for the region of the specimen with thicknesses of 
0.25 and 0.3 inch (5 and 6layers) are shown in Figure 6. These data were taken with 
probe 2; corresponding data have not been taken with probe 1. Here, the excitation 
frequency was 500 Hz, and the instrument gain was increased to allow the fasteuer signals 
to saturate so that signals from materialloss are more evident. Note that 10-percent 
materialloss is readily detectable with both specimen thicknesses, and small indications are 
even obtained from the 2.5-percent flaws. These results show the high sensitivity that can 
be obtained from the ECP probes. These flaws were not detectable with the absolute 
probe. 
Results obtained with the cross-axis crack probe with an excitation frequency of 
500Hzare shown in Figure 7. The unflawed fasteuer holes produce a 4-lobe pattern 
which is characteristic of this probe type. The presence of the 0.25-inch second-layer 
notch produces a change in the pattern as shown by a brighter region on the side of the hole 
where the notch is located. Although the 4-lobe pattern is somewhat complex to interpret, 
it is believed that in actual practice, the change in pattern produced by a flaw can be readily 
interpreted as a flaw signal. 
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Figure 4. Corrosion detection results from orthogonal-ax:is probe. 
Note: Percent numbers are depths of simulated corrosion. 
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Figure 5. Corrosion detection results from absolute ET probe. Note: 
Percent numbers are depths of simulated corrosion. 
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Figure 6. Corrosion detection results from orthogonal-axis probe. 
Note: Percent numbers are depths of simulated corrosion. 
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Figure 7. Crack detection results with orthogonal-axis probe 
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CONCLUSIONS 
1. Orthogonal-axis probes are effective for detection of materiallass (corrosion) and 
cracks in thick aircraft structures having multiple layers. 
2. The probes yield significant improvement compared to conventional absolute probes by 
providing greater flaw detection sensitivity and reduced sensitivity to liftoff noise 
caused by variations in probe-to-specimen spacing 
3. Orthogonal-axis probes, in combination with scanning devices such as the MAUS III, 
can provide a high-sensitivity, high productivity inspection for aircraft structure. 
FUTURE PLANS 
1 . Additional probe development, guided by computer modeling, will be performed to 
improve spatial resolution to improve flaw detection closer to fasteners. 
2. Inspection will be implemented on actual aircraft. 
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